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7KLVZRUNEXLOGVRQDQLGHDRIXWLOL]LQJILEUHVFXWIURPZDVWHILVKLQJQHWVIRUILEUHUHLQIRUFHPHQWRI
FRQFUHWH$QH[SHULPHQWDOLQYHVWLJDWLRQRIZDVWHILVKLQJQHWSRO\ILODPHQWILEUHVRIQ\ORQLVUHSRUWHG
'LIIHUHQWLDO 6FDQQLQJ &DORULPHWU\ FRQILUPHG WKH QHW WR EH Q\ORQ  6(0 LPDJHV VKRZHG WKDW WKH
SRO\ILODPHQWV FRQVLVWHG RI WZLVWHG PRQRILODPHQWV GLDPHWHU ± P 7KH GLDPHWHU RI WKH
SRO\ILODPHQWV ZDV DERXW PP 7KH LQYHVWLJDWLRQ FRQVLVWV RI WZRPDMRU SDUWV SURSHUWLHV RI WKH
SRO\ILODPHQWV DQG SURSHUWLHV RI PRUWDU VSHFLPHQV UHLQIRUFHG ZLWK WKH SRO\ILODPHQWV 7KH WHQVLOH
VWUHQJWKRIWKHSRO\ILODPHQWVZDVDERXW03DZKLFKLVORZFRPSDUHGWRWKH±03DIRU
QHZQ\ORQHYHQFRQVLGHULQJWKDWWKHWHQVLOHVWUHQJWKZDVPHDVXUHGIRUSRO\ILODPHQWV$QHYHQODUJHU
GHFUHDVHZDVVHHQIRU<RXQJV0RGXOXVZKLFKZDVIRXQGWRRQO\DERXW03DFRPSDUHGWR±*3D
IRUQHZQ\ORQ2QH[SRVXUHWR89UDGLDWLRQRYHUDORQJSHULRGQ\ORQXQGHUJRSKRWRR[LGDWLYH
GHJUDGDWLRQDQGWKLVLVVXJJHVWHGWREHWKHPDMRUFDXVHIRUWKHORVVRIWHQVLOHVWUHQJWKDQGHODVWLFLW\
7KH IHZRWKHU VWXGLHV UHSRUWLQJSURSHUWLHVRIZDVWHQ\ORQ ILVKLQJQHWVDOVR UHSRUWV ORVVHV0RUWDU
VSHFLPHQVZHUHUHLQIRUFHGZLWKWRZWZDVWHILVKLQJQHWILEUHV%RWKIOH[XUDOVWUHQJWKDQG
FRPSUHVVLYH VWUHQJWK GHFUHDVHG VOLJKWO\ FRPSDUHG WR WKH UHIHUHQFH EXW WKH ILEUHUHLQIRUFHGPRUWDU
VSHFLPHQVDOOVKRZHGFRQVLGHUDEOHSRVWSHDNUHVRXUFHVDQGWKHWRXJKQHVVLQGH[,ZDVDERXW)RU
FRPSDULVRQPRUWDUSULVPVZHUHUHLQIRUFHGZLWKFRPPHUFLDOILEUHVDQGIRUWKHVHWKH,ZDVDERXW
LH KLJKHU EXW WKH UHVXOWV REWDLQHG ZLWK WKH ZDVWH ILVKLQJ QHW SRO\ILODPHQWV ZHUH VWLOO KLJKO\
HQFRXUDJLQJLQUHODWLRQWRXVHDVILEUHUHLQIRUFHPHQWRIFRQFUHWH
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7KHSUHVHQFHRISODVWLFLQWKHPDULQHHQYLURQPHQWLVDJOREDOO\UHFRJQLVHGHQYLURQPHQWDO
LVVXHZLWKIDUUHDFKLQJHFRQRPLFDHVWKHWLFDQGHQYLURQPHQWDOFRQVHTXHQFHV>@0DULQH
SODVWLFOLWWHULVRIJURZLQJFRQFHUQDQGRQHSDUWLFXODUWURXEOHVRPHPDULQHZDVWHIUDFWLRQLV
GLVFDUGHGILVKLQJJHDU,QFUHDVLQJOHYHOVRIPDULQHOLWWHULVSDUWLFXODUO\SHUWLQHQWWRWKH$UFWLF
UHJLRQ DQG WKH (8 ILQDQFHG &LUFXODU 2FHDQ SURMHFW XQGHU ZKLFK WKH SUHVHQW ZRUN LV
FRQGXFWHGIRFXVHVRQDGGLQJYDOXHWRZDVWHILVKLQJQHWVE\LGHQWLI\LQJRSWLRQVIRUXVHDV
VHFRQGDU\ UHVRXUFHV ,W LV LPSRUWDQW WR WKH HQYLURQPHQW WKDW ZDVWH ILVKLQJ QHWV DUH QRW
GLVFDUGHGDWVHD+RZHYHUZKHQWKHZDVWHILVKLQJQHWVDUHEURXJKWWRODQGWKH\DUHSLOLQJ
XSLQWKHODQGILOOV,Q*UHHQODQGIRUH[DPSOHLWDSSHDUVWKDWDOOW\SHVRISRO\PHUZDVWHILVKLQJ
QHWV DQG URSHV Q\ORQ 3( DQG 33 JR WR ODQGILOO GXH WR D ODFN RI UHXVH DQG UHF\FOLQJ
LQIUDVWUXFWXUH>@$WWKHVDPHWLPH*UHHQODQGLVFKDUDFWHUL]HGE\VFDUFLW\LQORFDOUHVRXUFHV
IRUSURGXFWLRQRIFRQVWUXFWLRQPDWHULDOVDQGIROORZLQJFRQVWUXFWLRQPDWHULDOVDUHWUDQVSRUWHG
WR WKH FRXQWU\ RYHU ORQJGLVWDQFHV2QHXVH IRU WKHZDVWH ILVKLQJQHWV FRXOG EH IRU ILEUH
UHLQIRUFHPHQWRIFRQFUHWH8VHRIZDVWHILVKLQJQHWVIURPSRO\HWK\OHQHZDVLQYHVWLJDWHGLQ
>@DQGWKLVSURMHFWLQYHVWLJDWHVWHFKQLFDOO\ZKHWKHUILEUHVIURPZDVWHILVKLQJQHWVRIQ\ORQ
FDQEHXWLOL]HGIRUWKLVSXUSRVH,IVXFFHVVIXOWKHVHZDVWHILVKLQJQHWVFDQEHUHJDUGHGDVD
ORFDOUHVRXUFH7KHUHF\FOLQJRIZDVWHILVKLQJQHWVIRUUHLQIRUFHPHQWGRHVQRWUHTXLUHDQ\
HQHUJ\FRQVXPLQJSURFHVVHVVXFKDVPDWHULDOUHSRO\PHUL]DWLRQRUH[WUXVLRQ7KHQHWVVLPSO\
QHHG WR ZDVKHG DQG SURSHUO\ FXW WR REWDLQ UHLQIRUFLQJ ILEHUV UHVXOWLQJ LQ D VXEVWDQWLDO
UHGXFWLRQLQFRVWVDQGHQHUJ\FRQVXPSWLRQ>@
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3UHYLRXV VWXGLHV KDYH VXJJHVWHG WR SURFHVVZDVWH ILVKLQJ QHWV LQWR ILEUHV WR UHLQIRUFH
FRQFUHWH >@±>@6WXGLHV >@ >@GHDOVZLWKQ\ORQILEUHVDV WKHSUHVHQWKRZHYHU LQERWK
VWXGLHVWKHQ\ORQZHUHXVHGDVPRQRILODPHQWVZKHUHDVLQWKHSUHVHQWVWXG\WKHQ\ORQILEUHV
ZHUHXVHGDVSRO\ILODPHQWV6SDGHDHWDO>@LQYHVWLJDWHGWKHVWDWLFPHFKDQLFDOSURSHUWLHVRI
ILEUHUHLQIRUFHGPRUWDUE\XVLQJUHF\FOHGQ\ORQPRQRILODPHQWILEUHIURPDEDQGRQHGILVKLQJ
QHWV7KH\IRXQGVLJQLILFDQWO\LPSURYHGWRXJKQHVVDQGGXFWLOLW\2UDVXWWKLNXOHWDO>@IRXQG
WKDWUHF\FOHGQ\ORQPRQRILODPHQWILEUHIRUUHLQIRUFHPHQWRIPRUWDUVZHUHDVEHQHILFLDO LQ
WHUPVRI IOH[XUDO VWUHQJWKPDWHULDO WRXJKQHVVDQGUHVLGXDOVWUHQJWKDVUHLQIRUFHPHQWZLWK
YLUJLQILEUHVHYHQLIDKLJKHUILEUHIUDFWLRQZDVUHTXLUHGWRPDWFKWKHSHUIRUPDQFH
0$7(5,$/6$1'0(7+2'6
7KHZDVWHILVKLQJQHWLQWKLVZRUNZDVDQRXWHUQHWRI1\ORQZLWKDUDWKHUODUJHPHVKVL]H
RI[FP)LJEFROOHFWHGLQ*LOOHOHMH'HQPDUNLQ7KHQHWZDVSURFHVVHGLQWR
ILEUHV6HFWLRQDQGWKHH[SHULPHQWDOZRUNKDGWZRSDUWVSURSHUWLHVRIWKHILEUHV6HFWLRQ
DQGSURSHUWLHVRIFHPHQWPRUWDUZLWKILEUHV6HFWLRQ
3UHSDUDWLRQRIILVKLQJQHWILEUHV
,PSXULWLHVDQGVDOWVZHUHZDVKHGRIIWKHILVKLQJQHWE\VRDNLQJLQWDSZDWHUIRUPLQXWHV
7KHVRDNLQJSURFHGXUHZDVUHSHDWHGIRXU WLPHVLQQHZWDSZDWHU7KHFRQGXFWLYLW\ LQWKH
ZDWHUDIWHUVRDNLQJZDVDWWKHVDPHOHYHODVWKHWDSZDWHULWVHOIDIWHUWKHIRXUWKVRDNLQJ7KLV
ZDVXVHGDVLQGLFDWLRQRIVXIILFLHQWZDVKLQJ
7KHQHWZDVFXWE\KDQGLQWRDQGFPORQJVWULQJVIRU WKHH[SHULPHQWDOZRUN)LJ
E7KHWROHUDQFHOHQJWKRIWKHILEUHVZDVRIWKHOHQJWKLQDFFRUGDQFHWR>@7KH
VWULQJVZHUHPDGHRIWKUHHWZLVWHGEXQGOHVSRO\ILODPHQWVRIVLQJOHILEUHVPRQRILODPHQWV


)LJXUH D7KHQHWZLWKPHVKVL]HE&XWILVKLQJQHWILEUHVWULQJVDWWZROHQJWKVDQG
WKUHHXQWZLVWHGSRO\ILODPHQWVIURPHDFKDQGF'8586PDFURILEUHV

)LJXUH6(0LPDJHVRIDWKLFNEPHGLXPDQGFWKLQPRQRILODPHQWV
D FE
DP EP FP
P PP
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%HIRUHWKHWHVWVWKHVWULQJVZHUHXQWZLVWHGDQGWKHH[SHULPHQWDOZRUNZDVPDGHZLWK
VXFK SRO\ILODPHQWV )LJ E 3RO\ILODPHQWV LQVWHDG RI PRQRILODPHQWV ZHUH FKRVHQ WR
LQFUHDVHWKHVXUIDFHDUHDDQGWDNHDGYDQWDJHRIWKHQRQVWUDLJKWVKDSHRIWKHSRO\ILODPHQWV
ZKLFKDUHH[SHFWHGWRKDYHEHWWHUDWWDFKPHQWLQWKHPRUWDUDQGOHVVULVNRISXOORXWDVIRXQG
E\>@
)LVKQHWILEUHSURSHUWLHV
7KHGLDPHWHURIPRQRDQGSRO\ILODPHQWVZHUHHVWLPDWHGIURP6(0LPDJHV7RFRQILUPWKH
SRO\PHU W\SH RI WKH ILVKQHW )RXULHU 7UDQVIRUP ,QIUDUHG 6SHFWURVFRS\ )7,5 ZDV XVHG
3HUNLQ(OPHU 6SHFWUXP 2QH PRGHO  7KH WKHUPDO GHJUDGDWLRQ DV D IXQFWLRQ RI
WHPSHUDWXUH ZDV LQYHVWLJDWHG E\ 7KHUPDO *UDYLPHWULF $QDO\VLV 7*$ DQG 'LIIHUHQWLDO
6FDQQLQJ&DORULPHWU\'6&7KHWHVWZDVSHUIRUPHGRQD7$4ZLWKDVDPSOHRIPJ
ILEUH ZKHUH WKH WHPSHUDWXUHV UDQJHG IURP URRP WHPSHUDWXUH DW & WR & ZLWK DQ
LQFUHDVHLQWHPSHUDWXUHRI&PLQ7KHDONDOLUHVLVWDQFHRIWKHILEUHVZHUHLQYHVWLJDWHGE\
VXEPHUJLQJILEUHVDPSOHVLQ01D2+IRUGD\VLQDQRYHQDW&DIWHUWKHSURFHGXUH
IURP>@$IWHULPPHUVLRQERWKPRQRDQGSRO\ILODPHQWVZHUHH[DPLQHGLQ6(0
8QLD[LDOWHQVLOHVWUHQJWKDQG<RXQJVPRGXOXVZHUHGHWHUPLQHGIRUWKHSRO\ILODPHQWVLQ
DFFRUGDQFHZLWK>@3RO\ILODPHQWVWULQJVPPORQJZHUHPRXQWHGDWWKHFHQWUHRIWKLFN
SDSHUZLWKDKROORZVHFWLRQRIPPPPRUPP$VSUHVFULEHGLQ>@WKHVHWKUHH
GLIIHUHQW JDJH OHQJWKVZHUH WHVWHG LQ RUGHU WR GHWHUPLQH<RXQJVPRGXOXV7KH ILEUHZDV
DQFKRUHGRQWKHSDSHUZLWK:(,&21333(FRPSRQHQWJOXH7HQVLOHORDGZDVDSSOLHGLQ
D GLVSODFHPHQW FRQWUROOHG ,QVWURQ  PDFKLQH ZLWK FRQVWDQW GLVSODFHPHQW UDWH RI
PPPLQ$VXFFHVVIXOIDLOXUHZDVRQWKHIUHHOHQJWKRIWKHILEUH(LJKWWHVWVZHUHFDUULHG
RXWIRUHDFKJDXJHOHQJWK7KHSURSHUWLHVZHUHPHDVXUHGEHIRUHDQGDIWHUDONDOLUHVLVWDQFH
WHVWV
3URSHUWLHVRIFHPHQWEDVHGPRUWDUZLWKILVKQHWILEUHV
7KHEDVLFPRUWDUUHFLSHZDVLQDFFRUGDQFHZLWK>@DQGWKHPDWHULDOVZHUHSUHSDUHGDFFRUGLQJ
WR>@7KHEDVLFUHFLSHLQWKHVWDQGDUGVZDVIRUPRUWDUZLWKRXWILEUHV7KHILEUHVZHUHDGGHG
DIWHUPL[LQJZDWHUFHPHQWVDQGDQGWKHSUHVFULEHGUHVWSHULRGLHMXVWEHIRUHWKHSUHVFULEHG
ODVWPL[LQJDWIDVWVSHHG7KHVWDQGDUGVDQGSUHVFULEHGLQ>@ZDVUHSODFHGZLWKVHDVDQG±
PP7KHEDVLFUHFLSHZDVJFHPHQW&(0,,$//JWDSZDWHUDQG
JVHDVDQG7KHSRO\ILODPHQWVZHUHDGGHGWRWKHPRUWDUPL[WXUHDWZHLJKWSHUFHQWDJHRI
 DQG FRUUHVSRQGLQJ WRJ J DQGJ)RU FRPSDULVRQ
VLPLODUFDVWLQJVZLWK'XUXV6IURP%RQDU19FRPPHUFLDOILEUHVZHUHPDGH)RUHDFK
PL[WXUH WKUHHPRUWDU VSHFLPHQVZHUH FDVW  [ [ PP 7DEOH  VKRZV WKH ILEUH
FRQWHQWDQGFXULQJRIWKHVSHFLPHQV
7KUHHSRLQWEHQGLQJWHVWVZHUHFDUULHGRXW LQDFFRUGDQFHZLWK>@$K\GUDXOLF,QVWURQ
UHFRUGHGWKHZRUNLQJFXUYHV7KHORDGZDVDSSOLHGDWWKHPLGGOHRIWKHPRUWDUSULVP

7DEOH)LEUHFRQWHQWDQGFXULQJRIPRUWDUSULVPV
)LEUH )LEUHFRQWHQWZW &XULQJGD\V
)LVKQHWFP  
)LVKQHWFP  
'XUXV6  
1RILEUHVUHIHUHQFH  
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XQWLO IUDFWXUH IRU WKH UHIHUHQFH VDPSOHV RU SRVWEUHDN VWUHQJWK VWDUWLQJ WR GHFUHDVH
VLJQLILFDQWO\IRUWKHILEUHUHLQIRUFHGVDPSOHV7KHVXSSRUWVZHUHSODFHGPPDSDUW7KH
ORDGZDVDSSOLHGE\WKHUDWHPPPLQ7KHFRPSUHVVLYHVWUHQJWKZDVPHDVXUHGLQDIWHUWKH
WKUHHSRLQWEHQGLQJWHVWDVGHVFULEHGLQ>@7KHORDGZDVDSSOLHGRQD[PPVXUIDFH
LQHDFKHQGRIWKHVSHFLPHQXQWLOUXSWXUHPDNLQJDGRXEOHGHWHUPLQDWLRQIRUHDFKVSHFLPHQ
5(68/76
&KDUDFWHULVWLFVRIILVKQHWILEUHV
)LJVDQGDDUH6(0LPDJHVRIPRQRILODPHQWVDQGSRO\ILODPHQWVUHVSHFWLYHO\$QDO\VLV
RIVHYHUDO6(0LPDJHVVKRZHGWKDWWKHGLDPHWHURIWKHPRQRILODPHQWVZDVEHWZHHQP
WRPZLWKWKHPRVWDSSHDULQJGLDPHWHUEHLQJP7KHUHZDVDFOHDUWHQGHQF\IRUWKH
PRUH URXJK WKH VXUIDFH RI WKH VLQJOH ILEUH WKH ODUJHU WKH GLDPHWHU 7KH GLDPHWHU RI D
SRO\ILODPHQWZDVDSSUR[LPDWHO\PP
)LJEVKRZVWKH)7,5VSHFWUXP8VLQJ201,&6SHFWDVKRZHG1\ORQZLWK
FHUWDLQW\ 7KHUH ZDV VRPH QRLVH RQ WKH VSHFWUXP DW ORZ ZDYHOHQJWKV GXH WR LPSXULWLHV
UHVXOWLQJLQWKHUHODWLYHO\ORZFHUWDLQW\LQGHWHUPLQLQJWKHPDWHULDOW\SH)LJDVKRZVWKH
UHVXOWV IURP'6& 7KH ILQDO ZDUPXS \HOORZ LV WKH KHDWLQJ IORZ IRU WKH WUXH SRO\PHU
ZLWKRXW LPSXULWLHV 7KH PHOWLQJ SRLQW FRUUHVSRQGV WR WKH ORZHVW SRLQW LH & 7KH
GLIIHUHQFH LQ ILUVW DQG VHFRQG ZDUPXS LQ WKH '6& VSHFWUXPV VXSSRUWV WKH SUHVHQFH RI

 
)LJXUHD6(0LPDJHVRIZDVWHILVKLQJQHWSRO\ILODPHQWDQGE)7,5VSHFWUXP
 
)LJXUHD'LIIHUHQWLDOVFDQQLQJFDORULPHWU\DQGE7KHUPDOJUDYLPHWULFDQDO\VLV
D E
PP
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LPSXULWLHV7KHPHOWLQJSRLQWRIQ\ORQLV&DQGIRUQ\ORQLWLV&>@DQGWKXV
WKHILVKLQJQHWSRO\PHULWVHOILVFRQILUPHGDV1\ORQDVWKHPHOWLQJSRLQWZDV&
)LJELVWKH7*$FXUYH7KHORVVRIPDWHULDODFFHOHUDWHDERYH&ZKLFKLVWKXVWKH
LJQLWLRQWHPSHUDWXUH7KHVPDOOPDWHULDOORVVDWORZHUWHPSHUDWXUHVDJDLQLPSO\LPSXULWLHV
7KHSUHVHQFHRILPSXULWLHVZDVWKXVVHHQIURP)7,5'6&DQG7*$DQGLVOLNHO\WKHVPDOO
SDUWLFOHVZKLFKFDQEHVHHQDWWDFKHGWRWKHSRO\ILODPHQWV)LJD
1\ORQFDQSURYLGHJRRGUHVLVWDQFH WRPRVWFKHPLFDOVEXWFDQEHDWWDFNHGE\VWURQJ
DFLGVDOFRKROVDQGDONDOLV>@$VFRQFUHWHLVKLJKO\DONDOLQHLWLVLPSRUWDQWWKDWWKHILVKLQJ
QHWILEUHVFDQZLWKVWDQGVXFKKLJKS+6(0LPDJHVRIWKHPRQRDQGSRO\ILODPHQWVDIWHU
VXEPHUVLRQLQ01D2+DUHLQ)LJ7KHPRQRILODPHQWVYLVXDOO\VHHPHGWREHRIWKH
VDPHTXDOLW\EHIRUHVXEPHUVLRQ)LJ7KHSRO\ILODPHQWV)LJEZHUHPRUHORRVHDIWHU
VXEPHUVLRQWKDQEHIRUH)LJEEXWWKLVLVQRWFRQVLGHUHGWREHGXHWRWKHDONDOLQHVROXWLRQ
UDWKHUWKDWWKHILEUHVDUHQRWKROGSK\VLFDOO\WRJHWKHUGXULQJVXEPHUVLRQUHVXOWLQJLQVRPH
XQWZLVWLQJ6SDGHDHWDO>@IRXQGWKDWWKHLUQ\ORQPRQRILODPHQWILEUHVSUHVHQWHGDGHTXDWH
DONDOLUHVLVWDQFHDFFRUGLQJWRFXUUHQWO\UHFRJQL]HGVWDQGDUGV
0HFKDQLFDOSURSHUWLHVRIILVKQHWILEUHV
7KHWHQVLOHVWUHQJWKZDVIRXQGLQDFFRUGDQFHWR>@EXWZLWKWKHLPSRUWDQWPRGLILFDWLRQWKDW
SRO\ILODPHQWVZHUHWHVWHGQRWPRQRILODPHQW7KHVWUHVV±VWUDLQUHODWLRQVKLSZDVPHDVXUHGIRU
SRO\ILODPHQWVDWHDFKJDJHOHQJWK)LJD±F7KHSRO\ILODPHQWVEURNHLQWZRGLIIHUHQW
SDWWHUQV2QHZKHUHDOOWKHPRQRILODPHQWVEURNHVLPXOWDQHRXVO\DQGRQHZKHUHWKH\EURNH
LQVWHSV7KHILUVWLVVHHQE\DVWHHSGURSLQORDGGLUHFWO\WR]HURDQGWKHVHFRQGLVVHHQIURP
WKHVWHHSGURSQRWUHDFKLQJ]HURDWRQFHEXWLQVWHDGDVHFRQGVWUHQJWKLVVKRZQWDNLQJORDG
DJDLQEHIRUHLWEUHDNVHJWHVWLQ)LJF
7KHWHQVLOHVWUHQJWKıWRIWKHSRO\ILODPHQWILEUHVLVFDOFXODWHGDVWKHSHDNIRUFH)PD[
GLYLGHGE\WKHFURVVVHFWLRQDODUHDRIWKHSRO\ILODPHQW7KHGLDPHWHURIFURVVVHFWLRQRIWKH
SRO\ILODPHQWXVHGPPZKLFKZDVWKHGLDPHWHURIDWLJKWO\WZLVWHGEXQGOH)LJD
7KHUHVXOWVIRUWKHGLIIHUHQWJDXJHOHQJWKVDUHLQ7DEOH
$VVXPLQJ D OLQHDU HODVWLF FRQVWLWXWLYH ODZ DQG XQLD[LDO ORDG FRQGLWLRQV WKH IROORZLQJ
DQDO\WLFDOH[SUHVVLRQDSSOLHV>@

s s
lL l C C
F F E A
' '    

)LJXUH6(0LPDJHVDIWHUVXEPHUVLRQLQ1D2+D0RQRILODPHQWDQGE3RO\ILODPHQW
D E
P PP
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
D E
F
)LJXUH 6WUHVV±VWUDLQ SORWV RI SRO\ILODPHQWV DW GLIIHUHQW JDXJH OHQJWKV D / PP
E/PPDQGF/PP
7DEOH3HDNVWUDLQİWDQGWHQVLOHVWUHQJWKıWIRUWKHSRO\ILODPHQWILEUHV
 /HQJWKOPP
3HDNHORQJDWLRQ
ǻ/PP
3HDNVWUDLQ
İW
3HDNIRUFH
)PD[N1
7HQVLOH
VWUHQJWK
ıW03D
:DVWHILEUH
    
    
    
Average – 77 ± 7 0.29 ± 0.02 260 ± 25 

$FFRUGLQJWRHTQWKHOLQHDUUHJUHVVLRQRIWKHH[SHULPHQWDOGDWDǻ/)YVO$FI)LJ
\LHOGVDVWUDLJKWOLQHZLWKDFRQVWDQWVORSH (WKHLQYHUVHRI<RXQJPRGXOXVDQGWKH
LQWHUFHSW&6JLYLQJWKHV\VWHPFRPSOLDQFH)LJVKRZVWKHSORW7KHWHQVLOHPRGXOHVIRUWKH
ILVKLQJQHWSRO\ILODPHQWILEUHZDVKHUHE\IRXQGWR03DEXWZLWK5 WKLVLVQRWDQ
H[DFWQXPEHUEXWPRUHDQRUGHURIPDJQLWXGH6SDGHDHWDO>@UHSRUWHG<RXQJVPRGXOXVRI
± 03D IRU WKHLU PRQRILODPHQW UHF\FOHG ILVKLQJ QHWV ZKLFK LV DOVR YHU\ ORZ
FRQVLGHULQJWKDW<RXQJVPRGXOXVQ\ORQDWWKHYLUJLQVWDWHLVLQWKHUDQJH±*3D
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
)LJXUHǻ/)YVO$SORWVWRGHWHUPLQH<RXQJPRGXOXV
6LPLODUWHQVLOHVWUHQJWKWHVWVZHUHPDGHIRUWKHDONDOLWUHDWHGVDPSOHVEXWKHUHWKHQXPEHU
RI ILEUHVZKLFK VKRZHGGLYLGHG VWUHQJWKZDV VLJQLILFDQWO\ KLJKHU WKDQ IRU WKH XQWUHDWHG
ILEUHV,QDGGLWLRQ5ZDVRQO\IRUWKHǻ/)YVO$SORWVWRGHWHUPLQH(PRGXOXV$
UHDVRQ IRU WKH LQFRKHUHQW UHVXOWV DQG WKH SRRU5 FDQSUREDEO\ EH IRXQG LQ WKH ORRVHQHG
VWUXFWXUHRIWKHSRO\ILODPHQWDIWHUWKHVXEPHUVLRQ)LJEFRPSDUHGWREHIRUH)LJD
DQGWKXVWKHWHQVLRQZDVQRWDSSOLHGHTXDOO\WRWKHPRQRILODPHQWV
7KHWHQVLOHVWUHQJWKRIQHZQ\ORQLV±03D>@DQGFRPSDUHGWRWKLV WKH
PHDVXUHGWHQVLOHVWUHQJWK03D7DEOHRIWKHZDVWHILVKLQJQHWILEHUVZDVRQO\
KDOIRIWKHORZHVWYDOXH7KHXVHGGLDPHWHUG PPGRHVQRWFRYHUDFURVVVHFWLRQRI
WKHSXUHQ\ORQDVWKHPHDVXUHPHQWVZHUHPDGHZLWKSRO\ILODPHQWV$QRSWLPDOSDFNLQJRI
PRQRILODPHQWVZLWKFLUFXODUFURVVVHFWLRQZRXOGEHDKH[DJRQDOSDFNLQJLHSDFNLQJGHQVLW\
&DOFXODWLQJWKHWHQVLOHVWUHQJWKIRUWKHSRO\ILODPHQWEDVHGRQRIWKHGLDPHWHULV
Q\ORQUHVXOWLQDWHQVLOHVWUHQJWKRI03DZKLFKLVVWLOOPXFKORZHUWKDQWKHUDQJHJLYHQ
IRUQHZQ\ORQ7KHSDFNLQJGHQVLW\PLJKWYHU\ZHOOEH OHVV WKDQRSWLPDOEXW LW VHHPV
XQOLNHO\ WKDW WKH SDFNLQJ GHQVLW\ZDV OHVV WKDQ  3UHYLRXV VWXGLHV UHSRUWHG D WHQVLOH
VWUHQJWKVRIZDVWHILVKLQJQHWPRQRILODPHQWILEUHVRIQ\ORQDUH03D>@DQG03D
>@7KXVLWVHHPVDVWKHWHQVLOHVWUHQJWKRIZDVWHILVKLQJQHWVLVJHQHUDOO\OHVVWKDQWKHUDQJH
JLYHQIRUQHZQ\ORQ2QH[SRVXUH WR89UDGLDWLRQRYHUD ORQJSHULRGRI WLPHQ\ORQ
XQGHUJRSKRWRR[LGDWLYHGHJUDGDWLRQPDQLIHVWHGE\ORVVRIVWUHQJWK>@DQGWKLVPD\EH
RQHFDXVHIRUWKHORVWWHQVLOHVWUHQJWK7KHZDVWHILVKLQJQHWRIWKHSUHVHQWZRUNZDVVDPSOHG
DWDGXPSVLWHDQGLWLVQRWNQRZQIRUKRZORQJWKHQHWKDGEHHQH[SRVHGWR89OLJKWSULRU
WRVDPSOLQJEXWLWLVYHU\OLNHO\WKDWLWKDVORVWVRPHVWUHQJWKFRPSDUHGWRQHZSURGXFHGQHW
7KH RYHUDOO FKDUDFWHULVWLFV IRXQG IRU WKH Q\ORQ  ZDVWH ILVKLQJ QHW SRO\ILODPHQWV DUH
VXPPDUL]HGLQ7DEOHZKHUHWKHVLPLODUSDUDPHWHUVIRUWKHFRPPHUFLDO'XUXVILEUHVDUH
JLYHQIRUFRPSDULVRQYDOXHVIURPWKHGDWDVKHHWVSURYLGHGE\WKH331RUGLFD
0RUWDUUHLQIRUFHGZLWKILVKLQJQHWILEUHV
$KRPRJHQHRXVGLVWULEXWLRQRIILEUHVFRXOGQRWEHREWDLQHGIRUZWRIFPILVKLQJQHW
ILEUHVDQG'XUXV([FHSW IURPDW WKHVH WKHILVKLQJQHWILEUHVGLVWULEXWHGUHODWLYHO\HYHQO\
RYHUWKHPRUWDUVSHFLPHQV)LJVKRZVWKHWUDQVYHUVHFURVVVHFWLRQDIWHUWKHEHQGLQJWHVW

\ ([
5ð 
\ ([
5ð 






   
/
)>
P
N1
@
O$>P@
:DVWHILVKLQJQHW
SRO\ILODPHQW
$IWHU1D2+
/LQHDU:DVWHILVKLQJ
QHWSRO\ILODPHQW
/LQHDU$IWHU1D2+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7DEOH &KDUDFWHULVWLFVRIZDVWHILVKLQJQHWILEUHVDQGFRPPHUFLDOILEUHVGDWDIURPGDWD
VKHHWIURPVXSSOLHU
 :DVWHILVKLQJQHWILEUH 'XUXV
3RO\PHU 1\ORQSRO\ILODPHQW 33PRQRILODPHQW
0HOWLQJSRLQW&  
,JQLWLRQWHPSHUDWXUH& ! !
'LDPHWHUPP  
/HQJWKPP  
7HQVLOHVWUHQJWK03D  
<RXQJVPRGXOXV03D a 


D E
)LJXUH 7UDQVYHUVH FURVV VHFWLRQ RIPRUWDU EDUV D5HI DQG E ZW FP ORQJ
SRO\ILODPHQWZDVWHILVKLQJQHWILEUHV
/RDGGHIOHFWLRQFXUYHVRIPRUWDUVSHFLPHQVUHLQIRUFHGZLWKFPORQJZDVWHILVKLQJQHW
ILEUHVDIWHUGLIIHUHQWFXULQJWLPHDQGGD\VFPORQJILEUHVDIWHUGD\VDQG'XUXV
ILEUHV DIWHU GD\V DUH VKRZQ LQ)LJ $V H[SHFWHG WKHXQUHLQIRUFHGPRUWDU VSHFLPHQ
H[KLELWHGEULWWOHEHKDYLRXULQEHQGLQJGXHWRDVXGGHQUXSWXUHRQUHDFKLQJWKHSHDNORDG)LJ
D±F 7KH ILEUHUHLQIRUFHG PRUWDU VSHFLPHQV DOO VKRZHG FRQVLGHUDEOH SRVWSHDN
UHVRXUFHV$IWHU WKHSHDN ORDG DQG VXGGHQGURS WKH FXUYHV IRU WKH ILVKLQJQHW UHLQIRUFHG
PRUWDUVSHFLPHQVDOOH[KLELWHLWKHUDQDOPRVWFRQVWDQWORDGDWWKHORZHVWILEUHFRQWHQWV
ZWRUDVOLJKWO\LQFUHDVLQJORDGXQWLODGHIOHFWLRQRIDERXWPPZKHUHDIWHUWKHORDGV
GURSVVORZO\DJDLQ7KHSRVWSHDNORDGYDULHGEHWZHHQWKHWULSOLFDWHGPHDVXUHPHQWVIRUHDFK
ILEUHSHUFHQWDJHRIWKHFPORQJILVKLQJQHWILEUHV)LJD±F)RUWKHFPORQJILVKLQJ
QHWILEUHVRQWKHRWKHUKDQGWKHYDULDWLRQZDVPXFKVPDOOHU7KHPRUWDUEDUVUHLQIRUFHGZLWK
WKH 'XUXV ILEUHV H[KLELWHG D PRUH VWHSZLVH SRVWSHDN EHKDYLRXU WKDQ WKH ILVKLQJ QHW
UHLQIRUFHGPRUWDUV2QHH[SODQDWLRQPD\EHWKDWWKH'XUXVILEUHVDUHPRQRILODPHQWVDQGWKXV
HDFKILEUHEUHDNVDWRQFHRQWKHFRQWUDU\WRWKHPRQRILODPHQWILVKLQJQHWILEUHV
7KHSRVWFUDFNORDGIRUWKHZWILVKLQJQHWUHLQIRUFHGPRUWDUZDVDWWKHVDPHOHYHODV
WKHSRVWFUDFNORDGIRUZW'XUXVILEUHVZKLFKLVDKLJKO\HQFRXUDJLQJUHVXOW
$IWHU  GD\V RI FXULQJ WKH ORDG GHIOHFWLRQ FXUYHV DIWHU SRVWFUDFNLQJZHUH VRPHZKDW
RYHUODSSLQJ WKH GLIIHUHQW ILEUH FRQWHQWV )LJ D EXW DIWHU  GD\V WKH FXUYHV IRU WKH
GLIIHUHQWILEUHFRQWHQWVDUHVHSDUDWHGDQGLQFUHDVLQJZLWKILEUHFRQWHQW)LJEDQGF
7KHIOH[XUDOVWUHQJWKRfLVFDOFXODWHGIURPWKHWKUHHSRLQWEHQGLQJWHVWDV

252  Waste Management and the Environment IX
 
 www.witpress.com, ISSN 1743-3541 (on-line) 
WIT Transactions on Ecology and the Environment, Vol 231, © 2019 WIT Press


)LJXUH /RDGGHIOHFWLRQFXUYHVRIPRUWDUVSHFLPHQVUHLQIRUFHGZLWKZDVWHILVKLQJQHW
ILEUHVDFPILEUHVGD\VEFPILEUHVGD\VFFPILEUHVGD\V
GFPILEUHVGD\VDQGH'XUXVILEUHVGD\V
ZKHUHFfLVWKHORDGDWIUDFWXUHlWKHGLVWDQFHEHWZHHQVXSSRUWVDQGbWKHVLGHRIWKHVTXDUH
VHFWLRQRI WKHVSHFLPHQV7KHIOH[XUDOVWUHQJWK LVVKRZQLQ)LJ7KHIOH[XUDOVWUHQJWK
LQFUHDVHVZLWK LQFUHDVLQJ FXULQJ WLPH DV H[SHFWHG$Q H[FHSWLRQ LV KRZHYHU WKH IOH[XUDO
VWUHQJWKIRUUHLQIRUFHPHQWZLWKZWRIWKHFPORQJILVKLQJQHWILEUHV7KHUHLVQRREYLRXV
H[SODQDWLRQIRUWKLVH[FHSWLRQDQGLWLVFRQVLGHUHGDVDQLUUHJXODULW\ZKLFKFDQRFFXUVLQFH
HDFKVHWRIGDWDLVEDVHGRQRQO\WHVWV2QWKHFRQWUDU\WRWKHPRUWDUVSHFLPHQVUHLQIRUFHG
ZLWKILVKLQJQHWILEUHVWKHVSHFLPHQVUHLQIRUFHGZLWK'XUXVKDGDVOLJKWO\KLJKHUIOH[XUDO
VWUHQJWKWKDQWKHUHIHUHQFH,QWKHWZRSXEOLVKHGLQYHVWLJDWLRQVZLWKPRQRILODPHQWQ\ORQ
ILVKLQJQHW ILEUHV >@ >@ WKH IOH[XUDO VWUHQJWKZDVKLJKHU IRU WKH ILEUH UHLQIRUFHGPRUWDU
D E
F G
H
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VSHFLPHQVWKDQIRU WKHUHIHUHQFH,Q WKHWZRUHIHUHQFHV WKHGD\VIOH[XUDOVWUHQJWKZDV
ORZHU03DDQG03DWKDQLQWKHSUHVHQW03D7KHHIIHFWIURPWKHILEUHVPXVW
EHH[SHFWHGVWURQJHUIRUDZHDNHUPRUWDUDQGWKLVFDQH[SODLQWKHGHFUHDVHGIOH[XUDOVWUHQJWK
LQ WKHSUHVHQW LQYHVWLJDWLRQ7KH IOH[XUDO VWUHQJWKGHFUHDVHVZLWK LQFUHDVLQJ ILEUH FRQWHQW
)LJ
7KHGD\VFRPSUHVVLYHVWUHQJWKRIWKHUHIHUHQFHPRUWDUZDV03DDQGIRUDOO
ILEUH UHLQIRUFHG PRUWDU VSHFLPHQV WKH FRPSUHVVLYH VWUHQJWK ZDV ORZHU )LJ  7KH
GHFUHDVH RI FRPSUHVVLYH VWUHQJWK LI WKH ILEUH UHLQIRUFHG VSHFLPHQV LV LQ DFFRUGDQFHZLWK
OLWHUDWXUH>@>@DQGLVH[SODLQHGE\WKHGHIRUPDEOHSODVWLFILEUHVDVVXPHWKHUROHRIYRLGV
LQWKHFHPHQWLWLRXVPDWUL[ZKHQFRPSUHVVLYHIRUFHVDUHDSSOLHG
7KHORDGGHIOHFWLRQFXUYHVDUHDQDO\VHGDVGHVFULEHGLQ>@7KHIOH[XUDOWRXJKQHVVLV
EHLQJFDOFXODWHGDVWKHDUHDXQGHUWKHORDGGHIOHFWLRQFXUYHXSWRDWDUJHWYDOXHRIGHIOHFWLRQ


)LJXUH)OH[XUDOVWUHQJWKZLWKVWDQGDUGGHYLDWLRQ

)LJXUH&RPSUHVVLYHVWUHQJWKZLWKVWDQGDUGGHYLDWLRQ
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
)LJXUH7RXJKQHVVLQGH[,IRUWKHILEUHUHLQIRUFHGPRUWDUVSHFLPHQVDIWHUGLIIHUHQW
FXULQJWLPH
7KHWRXJKQHVVIRUWKHFULWLFDOGHIOHFWLRQ7įFULVWKHDUHDXQGHUWKHFXUYHXQWLOSHDNORDG
)RUFDOFXODWLRQRIWKHWRXJKQHVVLQGLFHVWKHDUHDVXQGHUWKHFXUYHVXQWLODQGWLPHVWKH
FULWLFDOGHIOHFWLRQDUHDOVRXVHG7įFUDQG7įFUUHVSHFWLYHO\7KHWZRWRXJKQHVVLQGLFHVDUH

7KLVSURYLGHVDQHDV\FRPSDULVRQEHWZHHQWKHWRXJKQHVVYDOXHVEHIRUHDQGDIWHULQLWLDO
FUDFN)LJVKRZVWKHI57RXJKQHVVLQGH[I2VKRZHGH[DFWWKHVDPHSDWWHUQEXWQDWXUDOO\
ZLWKORZHUYDOXHV&RPSDUHGWR>@>@WKHI5IRUWKHPRUWDUVSHFLPHQVZLWKILVKLQJQHWILEHUV
RIWKHSUHVHQWLQYHVWLJDWLRQLVKLJKHU$IWHUGD\VRIFXULQJWKHI5ZDV±03DKLJKHVW
DWZWRIFPORQJPRQRILODPHQWILVKLQJQHWILEHUVLQ>@DQGLQ>@WKHUDQJHZDV
±03DKLJKHVWIRUZWRIPPORQJPRQRILODPHQWILVKLQJQHWILEHUV
&21&/86,216
7KH LQYHVWLJDWHG ZDVWH ILVKLQJ QHW RI Q\ORQ  KDYH ORVW WHQVLOH VWUHQJWK DQG HODVWLFLW\
FRPSDUHGWRQHZQ\ORQ6WLOOSRO\ILODPHQWILEUHVFXWIURPWKHZDVWHILVKLQJQHWVKRZHG
HQFRXUDJLQJ UHVXOWV IRU UHLQIRUFHPHQW RI FRQFUHWH 7KH UHLQIRUFHG PRUWDUV FRXOG WDNH
VLJQLILFDQWSRVWFUDFNORDGVDQGDWZWWKLVORDGZDVDWWKHVDPHOHYHODVZLWKZWRI
FRPPHUFLDOILEUHV7KHWRXJKQHVVLQGH[ZDVDWDQLQWHUHVWLQJOHYHODVZHOO
$&.12:/('*(0(17
7KHVWXG\ZDVSDUWRIWKHSURMHFW³&LUFXODU2FHDQ´KWWSZZZFLUFXODURFHDQHXZKLFKLV
IXQGHGWKURXJKWKH(5'),QWHUUHJ9%1RUWKHUQ3HULSKHU\DQG$UFWLF13$3URJUDPPH
5()(5(1&(6
>@ 81(30DULQHSODVWLFGHEULVDQGPLFURSODVWLFV
>@ &KDUWHU06XPPDU\RIWKH)LQGLQJVRI3RUW5HODWHG)HDVLELOLW\6WXGLHV5HODWHGWR
WKH&ROOHFWLRQDQG5HF\FOLQJRI:DVWH)LVKLQJ1HWVDQG5RSHVLQ*UHHQODQG,UHODQG
1RUZD\ DQG 6FRWODQG ZZZFLUFXODURFHDQHXZSFRQWHQWXSORDGV&LUFXODU
2FHDQ3RUW5HSRUWV),1$/SGI
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>@ %HUWHOVHQ,0*	2WWRVHQ/0(QJLQHHULQJSURSHUWLHVRIILEUHVIURPZDVWHILVKLQJ
QHWV International Conference on Materials, Systems and Structures in Civil 
Engineering: Conference Workshop on Cold Region Engineering 7HFKQLFDO
8QLYHUVLW\RI'HQPDUN'HSDUWPHQWRI&LYLO(QJLQHHULQJ %<*'785HSRUW1R
%\J5SS±
>@ 6SDGHD6)DULQD,&DUUDILHOOR$	)UDWHUQDOL)5HF\FOHGQ\ORQILEHUVDVFHPHQW
PRUWDUUHLQIRUFHPHQWConstruction and Building MaterialsSS±
'2,MFRQEXLOGPDW
>@ 2UDVXWWKLNXO68QQR'	<RNRWD+(IIHFWLYHQHVVRIUHF\FOHGQ\ORQILEHUIURP
ZDVWHILVKLQJQHWZLWKUHVSHFWWRILEHUUHLQIRUFHGPRUWDUConstruction and Building 
MaterialsSS±'2,MFRQEXLOGPDW
>@ $670&6WDQGDUGWHVWPHWKRGIRUWHQVLOHVWUHQJWKDQG\RXQJ¶VPRGXOXVRI
ILEHUV
>@ %UDQGW$0)LEUHUHLQIRUFHGFHPHQWEDVHGIUFFRPSRVLWHVDIWHURYHU\HDUVRI
GHYHORSPHQWLQEXLOGLQJDQGFLYLOHQJLQHHULQJComposite Structures±SS±
'2,MFRPSVWUXFW
>@ 6LP-3DUN&	0RRQ'&KDUDFWHULVWLFVRIEDVDOWILEHUDVDVWUHQJWKHQLQJPDWHULDO
IRUFRQFUHWHVWUXFWXUHVComposites Part B Engineering±SS±
'2,MFRPSRVLWHVE
>@ '6(10HWKRGVRIWHVWLQJFHPHQW±SDUW'HWHUPLQDWLRQRIVWUHQJWK
>@ '6(1&HPHQW±SDUW&RPSRVLWLRQVSHFLILFDWLRQVDQGFRQIRUPLW\FULWHULD
IRUFRPPRQFHPHQWV
>@ 0XNKRSDGK\D\6.0DQXIDFWXULQJSURSHUWLHV DQG WHQVLOH IDLOXUHRIQ\ORQ ILEUHV
Handbook of Tensile Properties of Textile and Technical Fibres. A Volume in 
Woodhead Publishing Series in TextilesSS±
>@ $670&6WDQGDUGWHVWPHWKRGIRUIOH[XUDOWRXJKQHVVDQGILUVWFUDFNVWUHQJWKRI
UHLQIRUFHGFRQFUHWHXVLQJEHDPZLWKWKLUGSRLQWORDGLQJ
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